In the frame of a research project for the energy supplier "Energie BadenWürttemberg AG" (EnBW) in Germany, the aim of the study is to evaluate the potentials of alternative substrates and their viability for biogas conversion based on current production regimes in the county of Biberach in the South-West of Germany. The project includes 5-yr field tests of optimized cropping systems leading to higher biodiversity and sustainability while ensuring a constant biomass supply for biogas production.
Introduction
Biomass production for the conversion into biogas has become very popular since the establishment of the renewable energy law (EEG) in 2001. Currently there are already 5700 existing biogas plants in Germany. Most biogas plants run on maize as a main substrate, cultivated in monoculture over large areas. The one-sided specialisation on a specific crop goes along with several environmental problems such as the loss of biodiversity, soil erosion and the pollution of ground and soil water.
As the EEG generously supports the generation of renewable electricity, many biogas units are operated without using enough of the heat produced despite the combined heat and power (CHP) bonus. This research project focuses on finding alternatives cropping systems and alternative use of heat for a more sustainable development of current and future biogas installations.
Estimation of the biomass potential
According to the official statistics, about 10% of the agricultural land was used for the cultivation of energy crops in the county of Biberach in 2007 [5] . Meanwhile, this value has significantly increased to 15%. From an ecological point of view, the problem is the increasing land use and thereby the competition with food production and animal feed production. The continuous and intensive use of agricultural areas with all the environmental consequences could lead to future deterioration of biodiversity. Actually the area used for the growth of energy crops is further increasing, focusing particularly on maize production. In relation to the entire cultivated area, the proportion of maize in 2009 reached about 30% in the county of Biberach. In several communes, even over 50% of cultivated land is used for the growth of silage maize [4] . The tendency is that this maize is the major substrate for biogas production. The rate of grassland useage for biogas production, which reaches only 3%, is still quite low and surely remains an interesting potential which is not sufficiently used. The introduction of the public subvention "manure bonus" led to an extra created incentive in 2009 in the amendment of the renewable energy law (EEG). The use of slurry and manure builds up a further potential, which amounts to about 90,000 livestock units which can be partly used for the biogas production.
The estimation of the biomass potential is based on publications of the ministry of agriculture and on the official statistics of Baden-Württemberg [4, 5] . Moreover high-resolution remote sensing data is available to the project [3] . This data allows an accurate spatial differentiation of arable-and grassland units. The calculation of biogas and methane yields is based on empirical values of on-farm biogas plants [2] . In addition to the common energy crops like silage maize, grass silage and whole crop silage (WCS), the extended use of manure as a function of livestock units is considered (Figure 1 ).
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Status quo of biogas production
The characterisation of the installed biogas plants is based on information from the administration and the public database of EnBW [1] . Within this data the location and actual amount of electricity generated from biogas are documented. electricity generation, the heat that they are producing is also used. In 2009 about 140 GWh of electric power were fed into the grid whereby the comparison of registered rated power output to the actual electric production shows that most of the facilities are working below their installed capacities. This shows that fermenters and installed CHPs are not always fully optimised to each other. The equivalent electrical supply amounts of 50,000 households with an average annual electrical consumption for a two-person household of 2800 kWh.
Alternative cropping systems and field experiments
For biogas production in Germany maize is currently the major crop used, representing up to 90% of the biogas substrate [6] . The area under maize increased drastically over the last years; in 2009 maize intended for biogas production was cultivated on about 380,000 ha in Germany [7] . From an economical perspective, maize is a favorable crop on many sites, providing high energy yields per area and furthermore being an established crop with wide experience in cultivation and ensilage [8] .
On the other hand, maize cropping systems are highly criticized. The strong focus of the agricultural practice on maize as the main biogas substrate entails also negative ecological impacts like soil erosion, soil organic matter reduction, nitrate leaching and the loss of biodiversity and habitats [9] . The Sachverständigenrat für Umweltfragen (German Advisory Council on the Environment) [6] estimated in its special report that maize is a crop with a high risk for nutrient leaching, soil erosion and biodiversity. Besides the effect on biodiversity, also the typical local agricultural biodiversity and landscape appearance is decreasing in regions where biogas plants are implemented.
Furthermore, diseases like Helminthosporium turcicum and pests like Diabrotica virgifera virgifera are increasing as a result of an intensive maize cultivation and thus are endangering stable and high biomass yields of maize. The occurrence of the western corn rootworm (Diabrotica virgifera virgifera) may cause yield losses as high as 30% and often results in a ban on maize cultivation in the specific area [10] .
When discussing alternative crops and cropping systems for biogas production, the use of a temporal sequence of crops also including strips of perennial crops (e.g. energy dock, cup plant) offers multiple harvest dates and thus widens the temporal availability of the substrate for biogas plants and might furthermore reduce erosion potential and nutrient leaching. Laloy and Bielders [11] found that erosion is greatly reduced if a winter cover crop (rye and ryegrass) is cultivated during the intercropping period before maize (maximized soil cover) when compared to maize without a winter cover crop.
Results from Vetter [12] indicated that biodiversity (flora and fauna) is greater in cropping systems with two or three crop species than in a monoculture. However, these options are neither sufficiently perceived nor applied in agricultural practice [13] .
Implementation of alternative cropping systems in the study region
The objective of this study lies in developing, testing and monitoring sustainable cropping systems offering a long-term alternative to maize as a biogas substrate in the region. The experimental field site of 5.6 ha is implemented on a farm located in the county of Biberach. The developed cropping system will be cultivated in this field with assistance from the farmer and different environmental relevant parameters will be collected and measured over four years. In 2010 the existing maize monoculture was monitored to determine the status quo situation, as a reference for conventional biogas crop cultivation. In the following four years, this field will be used for the cultivation of the intended alternative cropping system.
The following parameters are identified as relevant and measured:
 Fresh-and dry matter yield of the different crops  Biogas output of the different crops  Erosion potential  Nitrate leaching into the groundwater  Biodiversity (arable weed species, along transects which are distributed across the field)  Biodiversity (ground beetles, with pit fall traps, which are distributed across the field)
Developed cropping system
The developed cropping system consists of a strip-wise cultivation of a perennial crop and annual crops in a crop rotation. Figure 3 shows the developed cropping system in comparison to a maize monoculture (M) without permanent soil coverage. For the perennial crop (pC) energy dock also known as Rumex Schavnat or Rumex OK2 will be used. It is a frost-resistant crossbreed from the Ukraine with a cultivation period of 15 -20 years and a potentially high biomass yield. Its biomass can be harvested twice a year and ensiled [14] . The implemented crop rotation (CR) includes the crop species sunflower (1 yr + 4 yr) -winter triticale (2 yr) -clover grass (2 yr + 3 yr) -amaranth (3 yr) -forage rye (4 yr), and it is set up completely without maize. As a further advantage, the developed cropping system allows a permanent soil cover with all the above-mentioned positive aspects. From the second year onwards energy dock could provide considerable higher biomass yields than other perennial crops. Furthermore the production costs are lower (seed, fertilizer, etc.) after the establishment phase in the first year. Strips of CR and pC will be of 24 m width and fit into the working width of the farmer's equipment.
The given combination and parallel cultivation of winter crops, summer crops and clover grass are expected to entail the above mentioned advantages and distribute the substrate supply over the year. This has a further positive effect of reducing silage storage capacity requirements. The cropping scheme (one run of the crop rotation) for the monoculture maize (M), the alternative crop rotation (CR) and the perennial crop (pC) (the axis of abscissa are the month of the years).
Model for the biogas production from energy crop mixtures

Model objectives
Energy crops of different varieties are amenable to anaerobic digestion. The crops which are most suitable for biogas production may be characterized with the following parameters:
1. High biomass yield per hectare (tons of dry mass = DM harvested per ha); 2. Low cultivation costs; 3. High digestibility (i.e. low fibre and lignin contents); 4. Appropriate C:N ratio (i.e. ranging between 20 and 30) [15] . Because of its ability to fulfill these requirements, maize is currently the most wanted energy crop for anaerobic digestion [15] . However, the environmental drawbacks of maize motivate the search for alternative energy crops.
A model, based on the identified alternative cropping systems (Section 3) was developed in order to perform an assessment of energy crops for biogas production while comparing different crop varieties. For this purpose, data were collected on methane yields of energy crops (laboratory batch test) as well as on the biomass yield per hectare. Using the composition and weight ratios of energy crops in the digester feedstock as input parameters, the feedstock mixture composition can be calculated and compared to empirically set optimal criteria (C:N ratio, fibre and lignin content) for digester operation. Moreover, the methane yield per hectare of field can be determined. Input parameters (on the left) and output parameters of the model (on the right). NDF: neutral detergent fiber, ADL: Acid Detergent Lignin.
Exemplary energy crop mixture
Within this model a conventional cropping system based on maize monoculture was compared to an alternative and more sustainable cultivation system. The most methane yielding mixture was selected from the previously proposed cropping system (Figure 3 ). The high-yielding sustainable crop mixture was composed of 40% Triticale, 40% Cup plant and 20% Amaranth (all shares on a dry matter basis). Figure 5 shows the dry matter yield (on the left) and the methane yield (on the right). For both parameters maize, the alternative cropping system as well as the single crops is pictured. In this case the empirical criteria set for low fiber content (Neutral Detergent Fiber = NDF<50%), low lignin content (Acid Detergent Lignin = ADL<5%) and balanced nutrient content (C:N ratio in the range 20-30) were fulfilled. One may deduce that full-scale biogas units may be successfully operated with such manure-free energy crops mixture. The calculated methane yield of the mixture was almost 5000 m hectare for a 100% maize monoculture reached 6500 m 3 CH4 /ha/year. Therefore the theoretical methane yield per hectare of the alternative cropping system was about 20% lower than for maize monoculture. The cultivation costs might be higher for the alternative cropping system in the first year, as the perennial crop has to be established, too. However, in the long run, cultivation costs will be lower when compared to maize, as seed costs for the chosen annual crops are lower and only half of the area has to be sown. The rough calculation does not include indirect costs induced by soil erosion, loss of biodiversity and the impact of pesticides and fertilizers.
Assessment of the heat sinks in the study area
Besides the increase of sustainability with alternative cropping system (Section 3), prudent heat usage of existing and future biogas plants shall be investigated and alternatives be prospected. The essential input is the estimation of the heat demand in communes in the county of Biberach. Further, the identification of main heat sinks with potential for different grid-bound heat supply concepts, based on biogas, was focused.
Methodology of the heat demand assessment
For the heat demand estimation, existing building stock data, statistic data for regional economy and energy consumption by sector for the district Biberach, were analyzed. For the residential and the tertiary/industry sector geo-referenced INFAS data for building stock [16] (age, class and number of households) was used. Additionally the database of the regional economy (FIS), containing companies' addresses and numbers of their employees, arranged by the regional Chamber of Industry and Commerce [17] was included, to complete the information needed.
The heat demand of the residential sector has been estimated based on the German Building Typology [18] , classifying the building stock in a matrix of 5 building types (one-family house, row house, small or big multifamily house, tower house) and 10 age classes. The heat demand of the residential sector has been built by multiplying the average heat demand of a residential building (adjusted to the regional climate conditions) by type and age with the building' average area according to the correlated data of [18] and [16] ; further with the amount of respective geo-referenced buildings by [16] .
The heat demand of the industry sector has been received by consideration of the statistic data on the energy consumption according the national branches taxonomy [19] . The specific energy consumption in branches on state level (without electric power) has been accounted referring to the number of employees per branch [20] . It amounts e.g. 22 MWh/employee in machines manufacturing, 8 MWh/employee in furniture construction or 379 MWh/ employee in paper production). This specific value has been multiplied with the average employee number per enterprise according the FIS data base [17] and geo-referenced by addresses.
Major regional heat sinks in the tertiary sector (trade, commerce and services) have been partially considered, i.e. kindergarten, schools, swimming pools have been geo-referenced according the INFAS data [16] and their heat demand has been estimated with help of average values (surface and heat demand) according to current literature [21] [22] [23] .
Heat demand in the region
The built-up areas with the heat demand of buildings, aggregated in a 100 m raster, have been calculated and localized in a geographic information system (GIS). The values of the heat demand raster varied here between zero (by raster points without any buildings) and max. 150.000 MWh/a -doing so, the local repartition of heat sinks could be obtained ( Figure 6 ). Detail map of the heat demand in raster of 100 m in communes of the Biberach district.
Additionally a ranking of communities of the county of Biberach, ordered by their annual heat demand, has been worked out: in 73% of all 45 considered communities, the estimated heat demand was below 100 GWh/a. Eight communities (17%) showed values between 100 GWh/a and 200 GWh/a. The highest heat demand of 1,155 GWh/a has been accounted for the county centre Biberach, followed by the estimated heat demand for Laupheim of 470 GWh/a.
In the following the heat demand density of built-up areas within the examined communities was identified as the value of the aggregated heat demand raster points in relation to the surface of the built-up areas. It shows values between 4 MWh/ha*a and 5.680 MWh/ha*a. For almost two third of the built-up areas the heat demand density was estimated below 300 MWh/ha*a, over one fourth showed values of between 300 and 700 MWh/ha*a.
Techno-economic analysis of alternative heat supply systems for model communities in the Biberach district
For the purpose of investigating heat networks (district heating supplied by biogas) with micro gas grids (autonomous biogas grid from the biogas plant to the heat demand site) a techno-economic calculation model has been established. Three rural areas have been selected, according the following criteria: heat demand density bigger than 300 MWh/ha*a (see Section 5), distance to biogas plants under 1.000 m (as pre-conditions for all model areas). Further, the availability of a gas network and a location in a neighborhood of an industry zone was considered. The most relevant parameters influencing heat generation costs could be identified. In respect of the heat demand conditions in the considered model areas (different access rate of buildings), the optimal solution for each study case could be shown. The specific heat generation costs varied between 4.47 € ct/kWh (100ct = 1€) to 14.52ct /kWh for the heat pipe grid system and between 4.87 ct/kWh and 14.49 ct/kWh for micro gas grid in the considered areas.
Several patterns can be concluded. First, the network-dependent investment costs are determined by the length of the main pipe (in terms of the distance between the existing biogas production plant and the supplied area). In particular, the advantages of the micro gas grid increase with the growing length of the main pipe, because of lower specific civil engineering costs ( Figure 7) . Secondly, the net-independent investment costs of micro gas grids (e.g. gas treatment and gas compressor) are higher than the net-independent investment costs for heat pipe grid systems in the considered cases -they overbalance the advantages of the network-dependent investment costs.
Cost comparison between a heat pipe system and a micro gas system 0 500.000 Comparison of investment costs between a micro gas grid and a heat pipe grid in relation to their length.
In most considered cases the biogas potential can cover only partially the local heat demand, the remaining heat demand have to be supplied by other fuels and technologies (e.g. wood or gas combustion in a peak load boiler).
Conclusion
The project shows a high potential in alternative cropping systems and in the optimization of the local heat supply. In the following years, new crop mixtures will be tested on field and their competitiveness with the reference system maize monoculture will be economically calculated. The impacts on the environment will be monitored in a long-term study. Expected advantages concern erosion reduction, fertilizer demand and nutrient leaching mitigation as well as a decreasing use of pesticides or reduced pest infestation. Furthermore, biodiversity may be enhanced and storage capacity requirements for ensiling harvested crops may be reduced.
The heat demand analysis provides a precise picture of the potential of existing heat sinks. The techno-economic analysis of heat and gas networks shows the viability of the systems in relation to the distance, the demand site and the local biomass potential.
